Introduction {#S0001}
============

Air pollution and obesity are becoming global problems worldwide. According to data from the WHO, nine out of ten people breath air containing high levels of pollution[@CIT0001] and one in nine deaths worldwide is caused by air pollution.[@CIT0002] Many studies have reported that ambient air pollution from smoking, vehicles, and indoor and industrial environment is a risk factor for several health outcomes such as respiratory disease,[@CIT0003],[@CIT0004] cardiovascular disease,[@CIT0005]--[@CIT0007] cerebrovascular disease,[@CIT0008] various cancers, and cognitive disorders.[@CIT0009]--[@CIT0012] Obesity, defined as abnormal or excessive fat accumulation, is also a well-documented risk factor for these diseases, leading to premature death.[@CIT0013]

The fact that both long-term air pollution exposure and obesity share the same risk factors for previously mentioned chronic diseases implies meaningful clinical interplay between two factors. However, there are only a few studies which have investigated the association of air pollution with obesity, showing inconsistent findings. According to a recent systematic review regarding the impact of ambient air pollution on obesity, the reported association between air pollution and body weight status tends to vary by sex, age group (ie, children vs adults), and type of air pollutant.[@CIT0014] A study conducted in China showed a positive correlation between air pollution such as particulate matter ≤10 μm in diameter (PM~10~), nitrogen dioxide (NO~2~), and ozone (O~3~) and body mass index (BMI),[@CIT0015] but other studies did not show any relationship between ambient air pollution and obesity measured by BMI or waist circumference (WC).[@CIT0016],[@CIT0017] Furthermore, there is little published evidence regarding the association of air pollution with fat amount and distribution amount such as percent body fat (PBF) or abdominal adipose tissue area measured by computed tomography (CT).

In this context, we aimed to investigate the association of annual exposure of ambient air pollution with obesity traits using various parameters such as BMI, WC, PBF, and CT-measured abdominal fat mass in Korean adults.

Materials and methods {#S0002}
=====================

Study population {#S0002-S2001}
----------------

The participants were recruited at the two health care centers of Seoul National University Hospital from 2006--2014.[@CIT0018] They received periodic screening health check-ups and answered a questionnaire about their own and their family's medical histories, current medication, and lifestyle. A total of 5,135 participants who underwent screening health check-upsincluding abdominal fat CT were included. Participants who did not undergo WC (N=10) and body composition (N=11) measurements were excluded. Therefore, a total of 5,114 samples were included in the final analysis. This study was approved by the Institutional Review Board of the Seoul National University Hospital Biomedical Research Institute and the Institutional Review Board waived the need for informed consent as the researchers accessed only de-identified databases for analytical purposes. This study was conducted in accordance with the Declaration of Helsinki.

Assessment of obesity {#S0002-S2002}
---------------------

To assess obesity level, we included various obesity-related parameters, including BMI, WC, PBF, total adipose tissue (TAT), visceral adipose tissue (VAT), and subcutaneous adipose tissue (SAT). Height and body weight were measured using Inbody 720® (Biospace, Korea), and BMI was calculated as weight in kilograms (kg) divided by height in meters squared (m^2^). The WC was measured by a well-trained nurse at the midpoint between the lower costal margin and the iliac crest in centimeters. Total fat mass and PBF were measured by bioelectrical impedance analysis. TAT area and VAT area were measured at the umbilical level by CT. The cross-sectional surface area of abdominal fat was calculated using Rapidia 2.8 CT software (INFINITT, Seoul, Korea) automatically[@CIT0019] and the VAT area was defined as intra-abdominal fat bound by the parietal peritoneum or transversalis fascia, excluding the vertebral column and paraspinal muscle.[@CIT0020] The SAT was calculated by subtracting VAT area from the TAT area.[@CIT0019]

Air pollution exposure {#S0002-S2003}
----------------------

In order to estimate the level of exposure to ambient air pollution like PM~10~ and NO~2~, the real-time monitoring data of ambient air pollution collected from about 300 atmospheric monitoring sites nationwide by the Ministry of the Environment of Korea (<https://www.airkorea.or.kr>) were used. The number of nationwide monitoring sites has increased gradually from 250 in 2006 to 317 in 2014 ([Table S1](#ST0001)). The data included concentrations measured every 24 hours from January 1, 2006 to December 31, 2014 at each monitoring site. The annual average concentrations of ambient air pollutants at each monitoring site were calculated for each year, incorporating real-time monitoring data per hour (ie, 24 hours per day for 365 days). These average values were calculated after excluding the missing values in the air quality data. To estimate the level of exposure to ambient air pollution for each individual, the annual average concentration was calculated by matching each monitoring station nearest to the subject's home via postal codes. We applied the annual average concentrations corresponding to each subject's examination year. Because the postal codes used here reflect actual residence address, almost all subjects included in our study were local residents, not outlander.

Potential covariates {#S0002-S2004}
--------------------

Potential covariates for the associations between ambient air pollution and obesity were investigated. Demographic data, including age, sex, smoking status, alcohol consumption, and regular physical activity were obtained via a questionnaire. Smoking status was classified into never-smoker, former-smoker, and current-smoker. Alcohol consumption was coded as one of three categories: never-, former-, and current-drinker. Regular physical activity was defined as engaging in high or moderate intensity level exercise at least once a week for 30 minutes or more. Underlying disease information was obtained via a questionnaire, physical examination by a family physician, and laboratory test. Blood pressure (BP) was measured in a sitting position after at least a 5-minute rest. Venous blood samples were taken from all examinees between 8:00 and 11:00 AM after a minimum 14-hour overnight fast. All biochemical determinations were conducted in the same laboratory with standard methods. Hypertension was defined as systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg, or taking antihypertensive drugs. Diabetes was defined as fasting glucose ≥126 mg/dL or HbA1c ≥6.5%, or diabetes treatment including oral hypoglycemic agents or insulin. Dyslipidemia was defined as total cholesterol ≥240 mg/dL or taking lipid-lowering agents.

Statistical analysis {#S0002-S2005}
--------------------

The continuous variables were presented with mean and SD, and a scale converted to the interquartile range (IQR) was added for PM~10~ and NO~2~ which do not follow normal distribution. The categorical variables were shown with number and percentage (%). A variable like age which is expected to have an effect on obesity-related traits was resorted to categorized variable and the characteristics of study participants according to various parameters of obesity were assessed by Pooled *t*-test or one-way ANOVA accordingly. The variables showing a correlation with any obesity-related parameters with *P*\<0.05 were defined as confounding variables and included in further multiple linear regression analysis to identify the association between exposure to ambient air pollution and obesity-related parameters. The results were indicated as beta coefficients and 95% CIs for obesity in an unadjusted model and two adjusted models: Model 1, adjusted for age and sex, Model 2, adjusted for Model 1 plus smoking status (never-, former-, or current-smokers), alcohol consumption (never-, former-, or current-drinker), physical activity (yes or no) and underlying hypertension, diabetes, and dyslipidemia. To examine the effects of ambient air pollution on obesity according to sex and age, we performed subgroup analysis, stratified by two sex (men or women) groups and three age (\<50, 50--65, or ≥65) levels. To determine whether the variable average air pollutants levels have resulted in the inconsistent relationships between air pollutants and obesity, we performed an additional analysis in extreme subgroup of lowest 10th percentile and highest 10th percentile of air pollution concentration distribution. All analyses were performed with STATA 14.0, and the statistical significance level was set at α=0.05.

Results {#S0003}
=======

The detailed characteristics of the subjects (N=5,114) are shown in [Table 1](#T0001){ref-type="table"}. Of the final study population, 3,625 (70.9%) were men and 1,489 (29.1%) were women, and the mean age was 53.5 (SD=9.2). Mean values for BMI, WC, and PBF were 24.2 kg/m^2^ (SD=3.0), 86.7 cm (SD=86.7), and 24.8% (SD=6.0), respectively. Approximately 61% were current-drinkers and 25.2% were current-smokers. More than half of the total (56.1%) was not doing regular exercise. The proportions of the population who had hypertension, diabetes, and dyslipidemia were 36.7%, 13.0%, and 23.2%, respectively. The mean concentrations of PM~10~ and NO~2~ were 49.5 μg/m^3^ (SD=7.9) and 30.3 ppb (SD=12.5), and the IQRs of each were 10 μg/m^3^ and 14 ppb, respectively.Table 1Characteristics of study participants (N=5,114)Total (=5,114)Mean (SD) or N (%)Age (years)53.5 (9.2)Sex (Men)3,625 (70.9)BMI (kg/m^2^)24.2 (3.0)WC (cm)86.7 (8.7)PBF (%)24.83 (6.0)Adiposity measure TAT (cm^2^)271.7 (98.4) VAT (cm^2^)121.8 (58.1) SAT (cm^2^)149.9 (61.3)Alcohol Never1,646 (32.2) Former348 (6.8) Current3,118 (61.0)Smoking Never2,176 (42.6) Former1,649 (32.3) Current1,285 (25.2)Physical activity No2,870 (56.1) Yes2,244 (43.9)Hypertension (yes)1,874 (36.7)Diabetes (yes)665 (13.0)Hyperlipidemia (yes)1,185 (23.2)PM~10~ (μg/m^3^) Mean (SD)49.5 (7.9) IQR10.0NO~2~ (ppb) Mean (SD)30.3 (12.5) IQR14.0[^2][^3]

[Table 2](#T0002){ref-type="table"} shows simple correlations between each demographic characteristic and obesity parameters. As age increased, BMI decreased and all the indicators of fatness except SAT increased. Men had higher BMI, WC, and VAT but women had higher PBF and SAT. Current-drinkers also had higher BMI, WC, TAT, and VAT but never-drinkers tended to have higher PBF and more subcutaneous fat. The population who did regular physical activity had significantly lower PBF and less TAT and SAT. The patients who had hypertension, diabetes or dyslipidemia tended to show a higher level of obesity parameters, and all were significant except SAT in diabetic participants.Table 2Simple correlations between demographic characteristics and the degree of obesityObesity-related parametersBMI (kg/m^2^)WC (cm)PBF (%)TAT (cm^2^)VAT (cm^2^)SAT (cm^2^)Mean (SD)*P*Mean (SD)*P*Mean (SD)*P*Mean (SD)*P*Mean (SD)*P*Mean (SD)*P*Age (years)0.0010.517\<0.0000.010\<0.0000.3641 \<5024.4 (3.1)86.6 (9.0)23.2 (5.5)268.3 (102.6)116.9 (58.1)151.4 (62.2) 50--6524.3 (2.9)86.7 (8.3)25.3 (5.9)271.4 (94.3)122.6 (56.5)148.8 (60.5) ≥6523.8 (3.2)87.1 (9.3)27.1 (8.2)282.4 (105.5)131.2 (64.2)151.1 (62.5)Sex\<0.000\<0.000\<0.0000.632\<0.000\<0.000 Men24.6 (2.9)88.4 (8.0)22.5 (4.9)272.2 (98.9)134.2 (58.3)138.0 (55.1) Women23.4 (3.2)82.6 (8.9)30.4 (4.8)270.7 (97.3)91.8 (45.2)178.9 (65.7)Alcohol\<0.000\<0.000\<0.0000.024\<0.000\<0.000 Never23.9 (3.2)85.0 (9.1)27.4 (6.4)269.9 (100.0)107.4 (53.6)162.6 (66.2) Former24.0 (3.2)86.2 (9.4)23.7 (6.2)259.7 (104.3)115.3 (58.1)144.4 (65.6) Current24.4 (2.8)87.7 (8.2)23.6 (5.4)274.0 (96.8)130.2 (58.8)143.9 (57.0)Smoking\<0.000\<0.000\<0.0000.339\<0.000\<0.000 Never23.9 (3.1)84.6 (8.9)27.5 (6.3)269.4 (98.2)105.0 (53.0)164.4 (65.4) Former24.5 (2.7)88.3 (7.8)23.0 (4.9)273.7 (96.0)135.9 (58.7)137.8 (52.7) Current24.5 (3.1)88.1 (8.5)22.7 (5.1)273.2 (101.9)132.2 (58.4)141.0 (59.3)Physical activity0.3560.514\<0.000\<0.0000.101\<0.000 No24.2 (3.1)86.8 (9.0)25.6 (6.1)276.7 (100.2)123.0 (59.7)153.7 (62.2) Yes24.3 (2.9)86.6 (8.2)23.9 (5.8)265.4 (95.8)120.3 (56.0)145.1 (59.7)Hypertension\<0.000\<0.000\<0.000\<0.000\<0.000\<0.000 No23.7 (2.8)85.1 (8.3)24.1 (5.9)254.3 (92.9)110.8 (53.8)143.5 (58.8) Yes25.2 (3.1)89.5 (8.6)26.1 (6.0)301.8 (100.6)140.9 (60.4)160.9 (63.9)Diabetes\<0.000\<0.000\<0.000\<0.000\<0.0000.445 No24.1 (3.0)86.2 (8.6)24.7 (6.0)267.7 (96.5)118.1 (56.4)149.7 (60.8) Yes25.0 (3.2)89.8 (8.8)25.7 (6.2)298.5 (106.6)146.9 (62.9)151.6 (64.4)Dyslipidemia\<0.000\<0.000\<0.000\<0.000\<0.000\<0.000 No24.1 (3.0)86.3 (8.8)24.3 (6.0)263.7 (98)117.2 (57.2)146.5 (60.5) Yes24.7 (2.8)88.1 (8.1)26.5 (5.7)298.2 (95.3)137.1 (58.4)161.1 (62.6)[^4]

The estimated associations between IQR increase in ambient air pollution and various obesity parameters were presented in [Table 3](#T0003){ref-type="table"}. In univariate regression analysis, PM~10~ showed positive correlation with PBF, but it was no longer significant in the adjusted models. In multivariate linear regression analysis, two kinds of statistical adjustment models defined by the confounding variables levels were applied. In both adjustment models, both PM~10~ and NO~2~ levels had no significant association with any kind of obesity parameter including BMI, WC, PBF, TAT, VAT, and SAT (all *P*\>0.05). In analysis further stratified by sex and age, there were positive correlations of PM~10~ with WC in women, and PBF and TAT in the elderly group aged 65 in unadjusted model. However, no significant interaction by sex or age was detected in the fully adjusted model ([Tables 4](#T0004){ref-type="table"} and [5](#T0005){ref-type="table"}). In addition, we identified the association for each extreme group of lower 10% and upper 10% of the air pollution concentration distribution ([Tables S2](#ST0002) and [S3](#ST0003)). The average levels of PM~10~ in each group were 37.04 and 65.12 respectively, indicating the narrow range between both extreme groups. The association results in the two extreme groups were consistent, showing no statistical significance in both groups.Table 3Estimated associations of IQR increases in annual average air pollution and obesity scalesUnadjustedModel 1^a^Model 2^b^β (95% CI)*P*β (95% CI)*P*β (95% CI)*P*PM~10~ (μg/m^3^) BMI (kg/m^2^)−0.06 (−0.16, 0.04)0.262−0.04 (−0.15, 0.06)0.417−0.07 (−0.17, 0.03)0.194 WC (cm)0.10 (−0.20, 0.40)0.5140.21 (−0.08, 0.49)0.1560.10 (−0.18, 0.38)0.471 PBF (%)0.23 (0.02, 0.44)0.0290.12 (−0.05, 0.29)0.1550.06 (−0.10, 0.23)0.462 TAT (cm^2^)1.7 (−1.73, 5.13)0.3311.81 (−1.61, 5.24)0.3000.69 (−2.64, 4.02)0.686 VAT (cm^2^)1.05 (−0.97, 3.07)0.3081.92 (0.04, 3.80)0.0451.30 (−0.51, 3.11)0.161 SAT (cm^2^)0.65 (−1.49, 2.79)0.552−0.11 (−2.14, 1.92)0.918−0.61 (−2.62, 1.40)0.551NO~2~ (ppb) BMI (kg/m^2^)−0.01 (−0.10, 0.09)0.868−0.03 (−0.12, 0.06)0.525−0.02 (−0.11, 0.07)0.671 WC (cm)0.02 (−0.25, 0.29)0.863−0.04 (−0.29, 0.22)0.7870.00 (−0.25, 0.24)0.971 PBF (%)−0.09 (−0.28, 0.10)0.3380.09 (−0.06, 0.24)0.2430.10 (−0.04, 0.25)0.165 TAT (cm^2^)2.07 (−0.98, 5.12)0.1832.33 (−0.72, 5.39)0.1352.59 (−0.36, 5.53)0.085 VAT (cm^2^)1.38 (−0.41, 3.18)0.1311.19 (−0.48, 2.87)0.1641.33 (−0.28, 2.93)0.105 SAT (cm^2^)0.69 (−1.21, 2.59)0.4791.14 (−0.67, 2.95)0.2171.26 (−0.51, 3.04)0.164[^5][^6] Table 4Estimated associations of IQR increases in annual average air pollution and obesity scales by sexUnadjustedModel 1^a^Model 2^b^β (95% CI)*P*β (95% CI)*P*β (95% CI)*P***Men (N=3 625)**PM~10~ (μg/m^3^) BMI (kg/m^2^)−0.02 (−0.15, 0.10)0.706−0.03 (−0.15, 0.09)0.597−0.05 (−0.17, 0.07)0.404 WC (cm)−0.01 (−0.35, 0.33)0.954−0.01 (−0.35, 0.33)0.959−0.10 (−0.43, 0.23)0.556 PBF (%)0.09 (−0.12, 0.30)0.4110.10 (−0.11, 0.31)0.3460.04 (−0.16, 0.25)0.689 TAT (cm^2^)1.54 (−2.68, 5.76)0.475−0.52 (−2.84, 1.81)0.6620.28 (−3.80, 4.35)0.895 VAT (cm^2^)1.72 (−0.76, 4.21)0.1751.45 (−2.77, 5.67)0.5011.29 (−1.08, 3.67)0.286 SAT (cm^2^)−0.18 (−2.54, 2.17)0.8781.97 (−0.51, 4.44)0.119−1.02 (−3.31, 1.27)0.384NO~2~ (ppb) BMI (kg/m^2^)−0.01 (−0.12, 0.09)0.830−0.03 (−0.14, 0.07)0.514−0.02 (−0.13, 0.08)0.643 WC (cm)−0.09 (−0.38, 0.20)0.544−0.09 (−0.38, 0.21)0.556−0.06 (−0.34, 0.23)0.702 PBF (%)0.07 (−0.11, 0.24)0.4790.10 (−0.08, 0.28)0.2890.11 (−0.06, 0.29)0.199 TAT (cm^2^)2.31 (−1.32, 5.94)0.2122.10 (−1.54, 5.75)0.2582.43 (−1.07, 5.94)0.173 VAT (cm^2^)0.35 (−1.79, 2.49)0.7490.96 (−1.17, 3.10)0.3761.16 (−0.88, 3.19)0.266 SAT (cm^2^)1.96 (−0.06, 3.98)0.0571.14 (−0.86, 3.14)0.2651.28 (−0.69, 3.24)0.203**Women (N=1 489)**PM~10~ (μg/m^3^) BMI (kg/m^2^)−0.08 (−0.27, 0.11)0.419−0.09 (−0.28, 0.10)0.369−0.13 (−0.31, 0.06)0.174 WC (cm)0.60 (0.06, 1.13)0.0290.56 (0.04, 1.07)0.0330.41 (−0.09, 0.92)0.107 PBF (%)0.15 (−0.14, 0.44)0.3110.13 (−0.15, 0.40)0.3670.07 (−0.20, 0.34)0.596 TAT (cm^2^)2.09 (−3.79, 7.97)0.4861.75 (−3.98, 7.49)0.5491.07 (−4.61, 6.76)0.712 VAT (cm^2^)1.74 (−0.99, 4.47)0.2111.48 (−1.06, 4.02)0.2521.21 (−1.26, 3.69)0.336 SAT (cm^2^)0.35 (−3.63, 4.32)0.8640.27 (−3.69, 4.23)0.893−0.14 (−4.12, 3.84)0.944NO~2~ (ppb) BMI (kg/m^2^)−0.07 (−0.25, 0.12)0.463−0.08 (−0.27, 0.1)0.364−0.06 (−0.23, 0.12)0.507 WC (cm)−0.05 (−0.56, 0.47)0.850−0.13 (−0.62, 0.37)0.618−0.07 (−0.54, 0.41)0.786 PBF (%)0.01 (−0.27, 0.29)0.943−0.04 (−0.30, 0.23)0.795−0.00 (−0.26, 0.25)0.988 TAT (cm^2^)1.41 (−4.24, 7.07)0.6240.76 (−4.76, 6.27)0.7881.26 (−4.12, 6.63)0.647 VAT (cm^2^)1.33 (−1.30, 3.96)0.3200.82 (−1.62, 3.26)0.5100.99 (−1.35, 3.33)0.408 SAT (cm^2^)0.08 (−3.74, 3.90)0.966−0.06 (−3.87, 3.75)0.9740.27 (−3.49, 4.03)0.888[^7][^8] Table 5Estimated associations of IQR increases in annual average air pollution and obesity scales by ageUnadjustedModel 1^a^Model 2^b^β (95% CI)*P*β (95% CI)*P*β (95% CI)*P***Age \<50 (N=1 611)**PM~10~ (μg/m^3^) BMI (kg/m^2^)−0.04 (−0.23, 0.16)0.692−0.02 (−0.21, 0.17)0.844−0.03 (−0.21, 0.15)0.751 WC (cm)0.17 (−0.39, 0.73)0.5430.26 (−0.25, 0.77)0.3150.21 (−0.28, 0.71)0.400 PBF (%)0.07 (−0.28, 0.41)0.7020.01 (−0.3, 0.33)0.926−0.05 (−0.35, 0.25)0.751 TAT (cm^2^)−0.82 (−4.67, 3.04)0.678−0.97 (−4.8, 2.86)0.620−1.44 (−5.21, 2.33)0.455 VAT (cm^2^)2.36 (−4.01, 8.73)0.4682.74 (−3.54, 9.03)0.3921.66 (−4.43, 7.75)0.593 SAT (cm^2^)3.17 (−0.43, 6.77)0.0843.71 (0.43, 7)0.0273.09 (−0.08, 6.26)0.056NO~2~ (ppb) BMI (kg/m^2^)−0.02 (−0.19, 0.16)0.843−0.09 (−0.26, 0.08)0.303−0.07 (−0.24, 0.09)0.381 WC (cm)0.22 (−0.28, 0.73)0.385−0.07 (−0.53, 0.39)0.765−0.03 (−0.47, 0.42)0.910 PBF (%)−0.26 (−0.57, 0.05)0.097−0.08 (−0.37, 0.2)0.557−0.05 (−0.33, 0.22)0.704 TAT (cm^2^)3.9 (−1.87, 9.66)0.1852.59 (−3.11, 8.3)0.3733.29 (−2.22, 8.81)0.242 VAT (cm^2^)3.23 (−0.03, 6.49)0.0521.4 (−1.59, 4.39)0.3581.66 (−1.21, 4.53)0.256 SAT (cm^2^)0.67 (−2.82, 4.16)0.7071.19 (−2.28, 4.67)0.5011.63 (−1.78, 5.04)0.349**50≤ Age \<65 (N=2 893)**PM~10~ (μg/m^3^) BMI (kg/m^2^)−0.07 (−0.21, 0.06)0.278−0.07 (−0.2, 0.07)0.336−0.11 (−0.24, 0.02)0.096 WC (cm)0.02 (−0.37, 0.41)0.9080.08 (−0.29, 0.45)0.683−0.1 (−0.46, 0.26)0.596 PBF (%)0.25 (−0.03, 0.52)0.0800.17 (−0.05, 0.38)0.1310.09 (−0.12, 0.3)0.399 TAT (cm^2^)−0.73 (−5.16, 3.71)0.747−0.8 (−5.23, 3.63)0.724−2.35 (−6.63, 1.93)0.282 VAT (cm^2^)−0.32 (−2.98, 2.33)0.8100.12 (−2.36, 2.6)0.926−0.85 (−3.21, 1.52)0.483 SAT (cm^2^)−0.4 (−3.25, 2.45)0.781−0.92 (−3.55, 1.71)0.495−1.51 (−4.11, 1.1)0.258NO~2~ (ppb) BMI (kg/m^2^)−0.01 (−0.13, 0.11)0.878−0.02 (−0.13, 0.1)0.792−0.02 (−0.13, 0.1)0.786 WC (cm)−0.05 (−0.39, 0.29)0.768−0.09 (−0.42, 0.24)0.587−0.09 (−0.41, 0.22)0.561 PBF (%)0.12 (−0.13, 0.36)0.3440.17 (−0.02, 0.37)0.0730.17 (−0.01, 0.35)0.072 TAT (cm^2^)1.15 (−2.75, 5.04)0.5641.2 (−2.7, 5.09)0.5470.94 (−2.79, 4.68)0.621 VAT (cm^2^)1.27 (−1.06, 3.6)0.2860.95 (−1.23, 3.13)0.3910.83 (−1.23, 2.89)0.432 SAT (cm^2^)−0.12 (−2.63, 2.38)0.9230.24 (−2.07, 2.56)0.8360.12 (−2.16, 2.39)0.920**Age ≥65 (N=610)**PM~10~ (μg/m^3^) BMI (kg/m^2^)−0.05 (−0.36, 0.25)0.723−0.06 (−0.37, 0.24)0.689−0.07 (−0.39, 0.24)0.642 WC (cm)0.25 (−0.64, 1.15)0.5780.46 (−0.44, 1.35)0.3160.42 (−0.49, 1.34)0.364 PBF (%)0.93 (0.14, 1.71)0.0210.21 (−0.45, 0.87)0.5310.11 (−0.57, 0.79)0.754 TAT (cm^2^)10.48 (0.43, 20.54)0.0418.83 (−1.27, 18.93)0.0869.39 (−0.9, 19.69)0.074 VAT (cm^2^)2.46 (−3.63, 8.55)0.4284.76 (−1.22, 10.75)0.1185.27 (−0.83, 11.37)0.090 SAT (cm^2^)8.02 (2.05, 14)0.0094.07 (−1.45, 9.58)0.1484.12 (−1.54, 9.79)0.154NO~2~ (ppb) BMI (kg/m^2^)−0.03 (−0.31, 0.25)0.837−0.03 (−0.31, 0.25)0.8300 (−0.28, 0.27)0.978 WC (cm)−0.09 (−0.91, 0.74)0.838−0.05 (−0.87, 0.77)0.9050.07 (−0.74, 0.88)0.869 PBF (%)0.3 (−0.42, 1.03)0.4110.17 (−0.43, 0.77)0.5770.22 (−0.38, 0.82)0.474 TAT (cm^2^)3.29 (−6.02, 12.6)0.4882.96 (−6.31, 12.22)0.5314.47 (−4.63, 13.57)0.335 VAT (cm^2^)−0.33 (−5.95, 5.3)0.9090.09 (−5.4, 5.58)0.9751.06 (−4.34, 6.45)0.700 SAT (cm^2^)3.62 (−1.93, 9.16)0.2012.87 (−2.19, 7.93)0.2653.41 (−1.59, 8.41)0.181[^9][^10]

Discussion {#S0004}
==========

In this study, we investigated the associations between ambient air pollution and various parameters of obesity in Korean adults, and found only null associations between ambient air pollution and various kinds of obesity parameters. These results suggest ambient air pollution, including PM~10~ and NO~2~, does not directly affect obesity, including fat distribution.

Previous studies on the association between air pollution and obesity have reported inconsistent results.[@CIT0014]--[@CIT0017] According to a recent systematic review, among a total of 66 reported associations between air pollutants including PM, NO~2~, sulfur dioxide, O~3~, and overall air quality and body weight status in 16 selected pieces of research, 29 (44%) showed positive correlations of air pollution regarding body weight, 29 (44%) reported null findings, and the other eight (12%) found negative associations.[@CIT0014] Although it was suggested that the results were different according to sex, age, and type of air pollutant, our study showed no difference according to the two types of air pollutants, sex, or different age groups in adults.

The average concentration level of air pollution, especially PM~10~, may explain the difference in the results of previous studies regarding the relationship between air pollution and obesity. Some studies in China showed that exposure to a higher level of PM~10~ was significantly correlated with higher obesity prevalence measured by BMI.[@CIT0015],[@CIT0021] In these studies, data were collected at some limited monitoring centers in a highly industrial area and the mean concentration of PM~10~ was higher than 120 μg/m^3^. However, other studies in Italy and Switzerland showed no association between PM~10~ and BMI or WC.[@CIT0022],[@CIT0023] The mean concentrations of PM~10~ in these studies were all around 50 μg/m^3^ or less. In our study, the mean level of PM~10~ was 49.5 μg/m^3^ which was much lower than those in Chinese studies and similar to those in the latter ones. To clarify the discrepancy of associations according to the air pollution level, we conducted stratification analysis in subgroups of both extremes of the air pollution distribution and found a consistent null association. This result may be due to the fact that even in the highest 10th percentile, the mean concentration of PM~10~ (65.12 μg/m^3^) was much lower than those in Chinese studies (\>120 μg/m^3^),[@CIT0015],[@CIT0021] and this inconsistency could indicate that air pollution exposure affects obesity only at a very high level of air pollution beyond certain thresholds. Therefore, further association studies with high and low air pollution levels are needed.

Regarding the parameters of obesity, most previous studies analyzed the association between air pollution and BMI, weight or WC, and there are only a few studies on the association between air pollution and abdominal adipose tissue. A cohort study of children showed a positive association of exposure to NO~2~ and PM~2.5~ with more SAT, but there was no association with VAT.[@CIT0024] Another cross-sectional study on the association of distance to a major roadway and PM~2.5~ with adiposity measures in adults showed an association of higher SAT in those closer to a major roadway but no direct correlation with PM~2.5~.[@CIT0025] These studies showed the inconsistent correlation between air pollution and visceral adiposity, and the size of the study population was also relatively smaller than ours: 315 in the former and 2,372 in the latter. In our study of a large population of adults, it was identified that there was no association between air pollution and abdominal adipose tissue amount.

Although the biological mechanism underlying the association between air pollutants and obesity is unclear, there are some suggestions which may explain the mechanism. A study in mice suggested that the exposure to PM interacts with obesogenic nutrition to alter genes representing key response pathways such as inflammation and oxidative stress in adipose tissue.[@CIT0026] Another study by McConnell et al, interpreted the mechanism of the effect of air pollution on obesity as altered appetite and anxiety-associated overeating resulting in increased caloric intake or changes in basal metabolism by mitochondrial damage and increased accumulation of white adipose tissue.[@CIT0027] There is other evidence that the long-term exposure to ambient air pollution such as black carbon or PM~2.5~ is associated with higher leptin levels which is an inflammatory cytokine secreted by adipocytes and affects neuroendocrine function, immune function, metabolism, and appetite.[@CIT0028],[@CIT0029] However, this effect seems to take place only over extremely high value thresholds which are only seen in very limited areas such as certain regions of China, as previously mentioned.[@CIT0015],[@CIT0021] The null association of our study may be due to the relatively low level of air pollution in Korea. On the other hand, there is also the possibility that air pollution has no effect on meaningful fat metabolism leading to obesity. Additional mechanistic studies will help to better understand the relationship between air pollution exposure and obesity.

Although some studies indicate that air pollution directly affects obesity through inflammatory or oxidative stress mediators, air pollution seems to interact with obesity on other disease more likely rather than having direct influences on obesity, according to some studies. Similar to the mechanism of air pollution, obesity is also closely related with inflammation. As a large amount of adipose tissue disturbs adequate perfusion and undergoes apoptosis, adipose tissue-derived inflammatory mediators are generated and spill over and cause systemic inflammation.[@CIT0030] A study on the interaction of adiposity on the effect of air pollution showed that the effects of air pollution on lung function were significantly stronger in the high adiposity group, and suggested that the combined effects of adipose tissue and ambient air pollution on inflammation have a synergistic effect.[@CIT0012]

There are some limitations to be addressed in this study. First, the subjects included in this study do not represent general Korean adults. Second, effects of the potential confounding factors including the nutritional intake in statistical adjustment models were insufficiently considered. Third, the air pollution level of each subject was estimated according to their residential region. In other words, it means that the possible diversity of exposure level, such as employment area, occupational exposure, in- or out-door daily activity, the distance from the monitoring station to the subjects' home, or the residential period in the area, were not considered. Forth, we could not identify the association of PMs smaller than PM~10~ (eg, PM~2.5~) because of the lack of relevant data. Lastly, this study was conducted using a cross-sectional study design; therefore, the causality between the exposure to air pollution and obesity cannot be determined.

However, this study has elucidated several aspects. First, this study was conducted in a large population of adults not well-reported previously. Second, in contrast to most previous studies of air pollution and obesity in adults which considered only BMI or WC as obesity-related parameters, the current study showed the relationship with diverse parameters especially PBF, VAT, and SAT by using a CT scan for all. Third, we collected the concentrations of ambient air pollution at about 300 atmospheric monitoring sites nationwide so that the air pollution exposure level for each could be obtained more precisely.

In conclusion, we examined the relationship between air pollution and the diverse parameters of obesity such as BMI, WC, PBF, TAT, VAT, and SAT in Korean adults. This study demonstrated that PM~10~ and NO~2~ exposure were not significantly associated with obesity, especially abdominal fat distribution. Our findings provide the evidence that exposure to air pollution is not associated with any widely used obesity-measuring parameters. However, longitudinal studies using a more diverse level of concentration and precise air pollution exposure data consisting of both residential, employment, and leisure time activity should be conducted.

Supplementary materials {#S0006}
=======================

Table S1Basic details of ambient air pollution measurement from the Ministry of the Environment of KoreaYear\#Monitoring site\#Air pollution measurements^a^Air pollutant\#Air pollution detections^b^20062502,190,000PM~10~ (0 90^3^)2,041,618NO~2~ (ppb)2,076,12320072632,303,880PM~10~ (0 03^3^)2,157,442NO~2~ (ppb)2,191,67420082792,444,040PM~10~ (0 44^3^)2,304,946NO~2~ (ppb)2,339,17820092852,496,600PM~10~ (0 96^3^)2,386,580NO~2~ (ppb)2,400,36720102902,540,400PM~10~ (0 40^3^)2,450,528NO~2~ (ppb)2,461,80820113012,636,760PM~10~ (0 36^3^)2,548,476NO~2~ (ppb)2,550,15720123102,715,600PM~10~ (0 15^3^)2,639,156NO~2~ (ppb)2,635,87420133162,768,160PM~10~ (0 68^3^)2,682,301NO~2~ (ppb)2,677,38520143172,776,920PM~10~ (0 76^3^)2,659,197NO~2~ (ppb)2,693,906[^11] Table S2Estimated associations of IQR increases in annual average air pollution and obesity scales in each extreme group of air pollutant levelsExtreme groups by air pollutant levelsLower 10% groupUpper 10% groupβ (95% CI)*P*-valueβ (95% CI)*P*-valuePM~10~ (μg/m^3^)37.04 (2.66)65.12 (3.84) BMI (kg/m^2^)−0.73 (−1.67, 0.20)0.1220.30 (−0.35, 0.94)0.369 WC (cm)−1.99 (−4.64, 0.66)0.1400.89 (−0.94, 2.73)0.339 Body fat (%)−1.13 (−2.65, 0.40)0.1471.02 (−0.04, 2.08)0.060 TAT (cm^2^)−13.56 (−32.33, 5.20)0.156−3.14 (−16.18, 9.90)0.636 VAT (cm^2^)−18.72 (−49.2, 11.76)0.2283.54 (−18.66, 25.74)0.754 SAT (cm^2^)−5.15 (−21.54, 11.23)0.5376.68 (−5.51, 18.86)0.282NO~2~ (ppb)9.25 (3.44)54.23 (7.62) BMI (kg/m^2^)0.43 (−0.54, 1.40)0.383−0.07 (−0.56, 0.43)0.794 WC (cm)−0.46 (−3.28, 2.36)0.7500.09 (−1.29, 1.46)0.900 Body fat (%)0.35 (−1.28, 1.98)0.675−0.02 (−0.77, 0.74)0.966 TAT (cm^2^)13.31 (−18.72, 45.33)0.4153.80 (−12.55, 20.15)0.648 VAT (cm^2^)9.67 (−7.73, 27.07)0.2764.75 (−3.72, 13.23)0.271 SAT (cm^2^)3.64 (−15.72, 23.00)0.712−0.95 (−11.28, 9.38)0.856[^12][^13] Table S3ORs and 95% CIs from logistic regression for the relation between obesity indices and air pollutant levelExtreme groups by air pollutants levelsOR (95%CI)*P*-valueLower 10% groupUpper 10% groupMean (SD)Mean (SD)PM~10~ (μg/m^3^)37.04 (2.66)65.12 (3.84) BMI (kg/m^2^)24.42 (2.93)24.17 (2.95)0.9752 (0.9323, 1.0201)0.274 WC (cm)86.79 (8.68)87.02 (8.71)1.0075 (0.9916, 1.0236)0.357 Body fat (%)25.10 (6.11)25.72 (6.28)1.0087 (0.9815, 1.0367)0.534 TAT (cm^2^)268.65 (96.59)275.22 (101.38)1.0007 (0.9994, 1.0021)0.299 VAT (cm^2^)116.77 (55.9)121.07 (59.86)1.0024 (0.9999, 1.0049)0.060 SAT (cm^2^)151.89 (61.79)154.16 (61.64)1.0000 (0.9978, 1.0023)0.981NO~2~ (ppb)9.25 (3.44)54.23 (7.62) BMI (kg/m^2^)24.42 (2.93)24.17 (2.95)−0.0030 (−0.0139, 0.0079)0.584 WC (cm)87.20 (8.82)86.74 (8.9)−0.0016 (−0.0055, 0.0022)0.411 Body fat (%)24.86 (6.07)25.00 (6.03)0.0033 (−0.0035, 0.0102)0.338 TAT (cm^2^)269.6 (95.27)274.16 (101.65)0.0001 (−0.0002, 0.0005)0.401 VAT (cm^2^)120.99 (56.67)122.86 (56.62)0.0002 (−0.0004, 0.0009)0.477 SAT (cm^2^)148.61 (59.8)151.31 (67.24)0.0002 (−0.0003, 0.0007)0.455[^14]
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[^2]: **Notes:** Data are presented as mean (SD) for continuous variables, or number (%) for categorical variables.

[^3]: **Abbreviations:** BMI, body mass index; WC, waist circumference; PBF, percent body fat; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide; IQR, interquartile range.

[^4]: **Abbreviations:** BMI, body mass index; WC, waist circumference; PBF, percent body fat; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.

[^5]: **Notes:** The beta coefficiency and 95% CI of each air pollutant was scaled to the interquartile range (IQR) for each pollutant, respectively (10.0 μg/m^3^ for PM~10~ and 14.0 ppb for NO~2~). ^a^Model 1 was adjusted for age and sex. ^b^Model 2 included age, sex, smoking status (never-, former-, or current-smoker), alcohol consumption (never-, former-, or current-drinker), physical activity (yes or no), hypertension, diabetes, and dyslipidemia as covariate in model.

[^6]: **Abbreviations:** PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide; BMI, body mass index; WC, waist circumference; PBF, percent body fat; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.

[^7]: **Notes:** The beta coefficient and 95% CI of each air pollutant was scaled to the interquartile range (IQR) for each pollutant, respectively (10.0 μg/m^3^ for PM~10~ and 14.0 ppb for NO~2~). ^a^Model 1 was adjusted for age. ^b^Model 2 included age, smoking status (never-, former-, or current-smoker), alcohol consumption (never-, former-, or current-drinker), physical activity (yes or no), hypertension, diabetes, and dyslipidemia as covariate in model 1.

[^8]: **Abbreviations:** PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide; BMI, body mass index; WC, waist circumference; PBF, percent body fat; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.

[^9]: **Notes:** The beta coefficient and 95% CI of each air pollutant was scaled to the interquartile range (IQR) for each pollutant, respectively (10.0 μg/m^3^ for PM~10~ and 14.0 ppb for NO~2~). ^a^Model 1 was adjusted for sex. ^b^Model 2 included sex, smoking status (never-, former-, or current-smoker), alcohol consumption (never-, former-, or current-drinker), physical activity (yes or no), hypertension, diabetes ,and dyslipidemia as covariate in model.

[^10]: **Abbreviations:** PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide; BMI, body mass index; WC, waist circumference; PBF, percent body fat; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue..

[^11]: **Notes:** ^a^The value was calculated as the \#monitoring siteⅹ365 (days)ⅹ24 (hours). ^b^This was calculated as the \#air pollution measurements - \#missing measurements.

    **Abbreviations:** PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide.

[^12]: **Notes:** The beta coefficient and 95% CI in each air pollutant was scaled to the interquartile range (IQR) for each pollutant, respectively (10.0 μg/m^3^ for PM~10~ and 14.0 ppb for NO~2~). The model was adjusted for age, sex, smoking status (never-, former-, or current-smoker), alcohol consumption (never-, former-, or current-drinker), physical activity (yes or no), hypertension, diabetes, and dyslipidemia as covariate.

[^13]: **Abbreviations:** PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide; BMI, body mass index; WC, waist circumference; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue..

[^14]: **Notes:** The model was adjusted for age, sex, smoking status (never-, former-, or current-smoker), alcohol consumption (never-, former-, or current-drinker), physical activity (yes or no), hypertension, diabetes, and dyslipidemia as covariate.

    **Abbreviations:** PM~10~, particulate matter ≤10 μm in diameter; NO~2~, nitrogen dioxide; BMI, body mass index; WC, waist circumference; TAT, total adipose tissue; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue.
